INTRODUCTION
The small RNA-containing viruses are considered to be those viruses with particles of 3o nm or less in diameter and consisting of protein and single-stranded RNA. Viruses with particles fitting these criteria are of particular interest in comparative virology because they are found in infections of vertebrates, invertebrates, plants and bacteria. The fact that these viruses infect such a wide range of organisms has frequently led to their classification into groups according to the particular organism which they infect. On a strict biochemical and biophysical basis there appears to be no reason why this should be done and the group could be considered as a single family like the Napoviridae (Lwoff & Tournier, i97I) . Because of the large number of small RNA viruses, however, we have listed them (Tables  A to I D) according to the organisms they infect. This has been done simply for convenience in presenting the data and does not reflect our feelings on their classification. Subsequently, our chief concern in presenting the data has been to compare the properties of the viruses, irrespective of the organisms they infect. In this way we hope to provide an integrated picture of some features of small RNA viruses.
Because of the extensive literature on these viruses, review articles have been quoted wherever possible to avoid an undue number of references. References to the original papers can be found in these review articles.
Viruses infecting vertebrates
The viruses infecting vertebrates (Table I A) have been subgrouped according to the system proposed by Newman, Rowlands & Brown (I973) ; insufficient data are available on the avian viruses to suggest that they should be allotted to any of the subgroups. The subgrouping was based on buoyant density in caesium chloride, stability of the virion in very dilute acid and on base composition of the virus RNAs. No small RNA viruses have been described infecting fish, amphibians or reptiles.
Viruses infecting invertebrates
Only a few small RNA viruses have been described which infect invertebrates and these, as far as we are aware, have only been found in insects and mites (Table I B) . There is much less information on these viruses than on those infecting vertebrates. Of the viruses listed in Table I B, acute paralysis and sacbrood viruses of bees (Bailey, Gibbs & Woods, I963, I964; J. F. E. Newman, F. Brown, L. Bailey & A.J. Gibbs, unpublished results) and Gonometa virus (Longworth, Payne & Macleod, I973) have been examined in detail. Recent information on the physico-chemical properties of Nodamura virus (I. F. E. Newman, unpublished observations) will be described later. Much less is known about the properties of the other viruses listed in Table I 
Viruses infecting plan ts
Small RNA viruses have been found in higher plants ( 
Viruses infecting bacteria
Three groups have been proposed for the small RNA viruses which infect Escherichia coli (Table I D density in caesium chloride, on the u.v. sensitivity of the particles and on the base composition of their RNAs (Watanabe et al. I967a, b) . The representative of the fourth subgroup (Table I D) , oCb5 from Caulobacter crescentus, does not infect E. coli and differs from the members of the other three subgroups in other properties to be described below (Bendis & Shapiro, I97o) .
CHARACTERISTICS 0E CAPSID COMPONENTS OF THE VIRUSES
Details of the capsid components of small RNA viruses are given in Tables 2A to 2D , The data show that there are four major types:
(a) Viruses which have only full particles, e.g. Maus-Elberfeld and southern bean mosaic viruses and R I7 bacteriophage.
(b) Those which have full and empty (i.e. containing no RNA) particles of the same size, e.g. polio, acute paralysis of bees and turnip yellow mosaic viruses.
(c) Viruses with three components of the same size containing about 35, 25 and o ~/o RNA, e.g. cowpea mosaic and tobacco ringspot viruses.
(d) Those viruses with several components of different sizes but with the same percentage RNA, e.g. alfalfa mosaic, tobacco streak and pea enation mosaic viruses.
It is clear that the greatest diversity occurs in the plant viruses since only full particles are found in the bacteriophages and only full and empty particles in the viruses of vertebrates. All the particles have diameters in the range 240 to 320 A with the exception of satellite tobacco necrosis virus (spherical with a diameter of I7o A) and alfalfa mosaic virus, which has bacilliform particles of different lengths but the same diameter; the latter can be regarded as being based on icosahedral symmetry (see section on' Capsid structure and stabilization').
The s20,,~ values of the RNA phages are between 7I and 84 S and those for the plant viruses are in the range 83 to I32 S (with the exception of the small satellite tobacco necrosis virus). In contrast, the vertebrate and invertebrate viruses have S values of approximately I46 to 16o. Since the particles of the viruses from all groups fall in the range of 24o to 32o A, F. BROWN AND R. HULL h Major components of AMV have bacilliform particles measuring approx. 6oo, 5oo, 400 and 3o0 x 18o A. Members of the bromo group sediment more slowly above pH 7 (see section 'Capsid structure and stabilization').
J Members of bromo group have particles containing different pieces of RNA (see Fig. I ).
with the exception of satellite tobacco necrosis virus and alfalfa mosaic virus, the differences in S values must in many cases be a reflection of differences in other properties of the particles. The buoyant densities of full particles of the viruses from vertebrates have been correlated with their acid lability (Rowlands, Sangar & Brown, r970-The less-dense viruses are stable down to pH 3 whereas foot-and-mouth disease, for example, is unstable at pH 6. As most of the vertebrate viruses contain 3o ~o nucleic acid, the variation in density is not correlated with RNA content. The RNA of different members appears to exhibit a density which is related to the extent of its reaction with caesium ions or perhaps to its degree of hydration. These characters, in turn, probably depend on the degree of binding of the RNA to protein.
Similar considerations may apply to the three subgroups of RNA phage infecting
Escherichia coll. Although Nishihara & Watanabe (I969) considered that the density differences might be primarily due to variations in the RNA content of the particles, they suggested that the extent of the interaction between the caesium chloride and the phage particles might account for some of their observations. It is also pertinent that the viruses of subgroup III (Qp), which have a higher buoyant density than those in the other two subgroups, are also less stable at pH 4. The plant viruses with 30 ~ or more RNA have buoyant densities in caesium chloride considerably greater than those of viruses from vertebrates or bacteria. The bottom components of members of the NEPO group have densities of around I"52 g/cm 3, which approaches the theoretical density for particles containing 35 ~ RNA (assuming that both the protein and RNA exert their true density). The plant viruses with around 20 RNA have densities ranging from 1.35 to 1.4o g/cm 3, which overlaps the densities of many of the vertebrate viruses with 30 ~o RNA.
CHARACTERISTICS OF THE RNAS FROM THE VIRUSES
The data for the RNAs of the four groups of viruses are given in Tables 3 A to 3D. Each of the vertebrate viruses has one species of RNA sedimenting at 32 to 37 S. The RNAs sediment as sharp peaks, with the exception of that of foot-and-mouth disease virus, which is usually rather heterogeneous (Brown, Newman & Stott, I97o) .
All the bacteriophages and several of the plant viruses also have only one species of RNA. However, other plant viruses and one of the insect viruses have more than one species of encapsulated nucleic acid. Members of the cowpea mosaic, NEPO, and pea enation mosaic virus groups have two RNA species, both of which are needed for infection (Van Kammen, 1967, I968; Diener & Schneider, I966; Harrison, Mutant & Mayo, 1972a ; R. Hull & L. C. Lane, unpublished data) (Fig. I) . Recently the insect virus (Nodamura) has been shown to contain two RNA species (L F. E. Newman, personal communication); preliminary experiments indicate that both RNAs are necessary for infection. The alfalfa mosaic, brome mosaic, tobacco streak and cucumber mosaic virus groups each have four or more RNA species. The three largest RNA species of members of the brome mosaic and cucumber mosaic virus groups are necessary for infection (Lane & Kaesberg, 197I; R. Hull, unpublished observation) (Fig. I) . Infection with alfalfa mosaic virus is determined by the three largest RNA species together with either coat protein or the smallest RNA species (Bol et al. 197I) .
: The number and molecular weights of the polypeptides found in the capsids of the viruses are summarized in Tables 4A to 4 D. One, two or four different polypeptides are present in the viruses and the mol. wts. range from 6 × Io 8 to 68 × Io 3.
With the exception of the caliciviruses (vesicular exanthema and feline picornaviruses), which contain one major protein with mol. wt. 68 × Io 3 U. N. Burroughs, personal communication), all the vertebrate viruses so far examined contain four polypeptides. Three of the polypeptides have mol. wts. of about 30 × Io 3 and the fourth has a mol. wt. of 6 to I3"5 × 2o 3. The three large polypeptides are present in the virion in equimolar proportions but there is some confusion at present regarding the number of molecules of the small polypeptide. Much of the evidence indicates that this polypeptide is present in half molar proportion but the recent work by Stoltzfus & Rueckert (r972) on encephalomyocarditis virus indicates that the small polypeptide is present in the same molar proportion as the three larger polypeptides. This confusion has arisen largely because the molecular size of the polypeptides has been determined by SDS-polyacrylamide gel electrophoresis. With the doubts which have recently been cast on the validity of this method for determining the mol. wts. of polypeptides smaller than about I5 × IO z, this problem requires attention, preferably using different methods for determining the molecular weight of the polypeptides.
The only analyses of the polypeptides of the invertebrate viruses so far available are for Gonometa virus (Longworth et al. ~973) and Nodamura virus U. F. E. Newman & D. J.
Rowlands, personal communication). Gonometa virus has four polypeptides in the same
proportions as found in most of the vertebrate viruses whereas Nodamura virus contains one major polypeptide, mol. wt. 46 × Io 3, and possibly traces of two other polypeptides. All the bacteriophages contain two or more polypeptides. In RI7 and oCb5 capsids there are I8O molecules of the capsid protein, mol. wt. 12 to 14 x io a, and one molecule of aggregating or maturation protein, mol. wt. 35 to 4o x IO 3. The coat protein of the RI 7 subgroup lacks histidine, that of the GA subgroup lacks histidine, cysteine and methionine and that of the Q~ subgroup lacks histidine, tryptophan and methionine. In contrast, the oCb5 subgroup capsid protein lacks methionine. The small RNA plant viruses contain either one or two polypeptides. Although the function of the polypeptides in most cases is protective, the coat protein subunits of alfalfa mosaic virus can participate in initiating infection (Bol et al. 1970 .
CAPSID STRUCTURE AND STABILIZATION
All the small RNA viruses (except alfalfa mosaic virus to be discussed below) have isometric particles in which the protein subunits are arranged in icosahedral symmetry. The principles of construction of particles with icosahedral symmetry dictate that the triangulation number should be either T = I, 3, 4 or 7, etc. (Caspar & Klug, 1962 , 1963 . All the viruses examined (except pea enation mosaic and alfalfa mosaic viruses to be discussed later) have been found to have triangulation numbers T = I or 3 (6o or 18o morphological subunits). The structures suggested for the various virus groups can be classified (Table 5) .
Categories A, B and D contain the simplest structures with capsids of either 6o or I8O F. BROWN AND R. HULL Fig. 2. (a) An 'averaged' picture of a particle of cowpea chlorotic mottle virus obtained by superimposition. The particle is orientated precisely in the twofold position (Bancroft, Hills & Markham, 1967) . (b) A particle of vesicular exanthema virus.
identical protein subunits (Fig. 2) . The N E P O viruses are larger than satellite tobacco necrosis virus because of the size of the protein subunit (see Table 4C ). Cowpea mosaic virus and b r o a d bean wilt virus each have two protein subunits in equimolar amounts; it is suggested that there are 6o subunits of each protein in the capsid (Geelen, Van K a m m e n & Verduin, I972) but there is no direct information on their distribution. The R N A bacteriophages contain I8o identical protein subunits and x subunit of the m a t u r a t i o n protein (Steitz, I968a, b) . W i t h o u t this second protein, which is thought to lie on the surface of the fivefold axes of the particle (Butler, ~97o) . The picornavirus particles are first assembled as procapsids consisting of 60 x 3 protein subunits (VPo, VP1 and VP3). On maturation VP 0 is cleaved to give two proteins and therefore the virion has four proteins (VP1, VP2, VP3 and VP~) (Jacobson & Baltimore, i968a; Rueckert, Dunker & Stoltzfus, x969; Johnston & Martin, i971) . It is suggested that VP2 might be in the pentamer region (Martin & Johnston, ~97z) . Pea enation mosaic virus has two nucleoprotein components, one of which contains 280 identical protein subunits (T = 3) and the other about ~5o protein subunits. There is no firm evidence on the structure of the second component (R. Hull & L. C. Lane, unpublished observations). The particles of alfalfa mosaic virus are bacilliform, those of different nucleoprotein components being of different lengths. From studies on the structure of these particles it is suggested that they can be derived from a T = ~ icosahedron by cutting it across the threefold axis and inserting hexamer subunits in rings of three to form the tubular portion (Hull, Hills & Markham, ~969) (Fig. 3 )-From Tables 2 (A to D) and 3 (A to D) it can be seen that the majority of the small RNA viruses of vertebrates, invertebrates and bacteria have single nucleoprotein components and nucleic acid species. However, many of the plant viruses have several and in some cases different numbers of nueleoprotein and nucleic acid species. There are several different ways in which the multiple nucleic acid species of plant viruses are packaged.
(i) The two nucleic acid species of eowpea mosaic virus are contained in eapsids of the same size (Fig. I) .
(2) There are two types of bottom component of many NEPO viruses, one containing one large piece of nucleic acid, the other two small pieces; middle component contains one small piece in a capsid the same size as bottom component (Fig. 0. (3) The two pieces of pea enation mosaic virus RNA are contained in capsids of different sizes, both nucleoprotein components having the same percentage of nucleic acid (Fig. 0 . The three pieces of tobacco streak virus and the four pieces of alfalfa mosaic virus nucleic acid are also in capsids of different sizes (Fig. 2) .
(4) Brome mosaic virus has a single sedimenting component which consists of three different types (Fig. I) . These can be separated on equilibrium gradients.
There is a wide variety of chemical bonds which stabilize the capsids of small RNA viruses. Most of the information concerning these has been derived from studies on plant viruses and bacteriophage. Among the most stable of these viruses arc members of the turnip yellow mosaic virus, cowpea mosaic virus and NEPO virus groups which normally produce empty capsids (top component). This suggests that the primary stabilization of the capsid is through protein-protein interactions, most probably with hydrophobic bonds. However, it has been shown with turnip yellow mosaic virus (Kaper, I97I ) and cowpea mosaic virus (Wood, 1970 that there are also some protein-nucleic acid interactions. Tomato bushy stunt virus and the bacteriophages of the RI7 and QB groups also have relatively stable capsids though they do not normally produce significant quantities of empty particles; they are considered to be primarily stabilized by protein-protein interactions (e.g. Dorn6 & Hirth, I968; Matthews & Cole, 1971) . The stabilization of the eapsids of two groups of plant viruses can be markedly affected by minor changes in conditions. The particles of members of the brome mosaic virus group apparently swell and become salt-sensitive (dissociate into protein subunits and RNA in I M-potassium chloride) on raising the pH from 5 to 7"5. This is thought to be due to ionization of chemical bonds involved in stabilizing the capsid (Bancroft, r97o) . Similarly, the capsid of southern bean mosaic virus swells and becomes salt-sensitive on treatment with chelating agents around pH 8 (R. Hull, unpublished observation). With this virus it appears that a metal ion is involved in capsid stability. Cowpea mosaic virus, alfalfa mosaic virus and phage oCb5 have particles which can be considered to be permanently'swollen' as they are salt-sensitive over a range ofpH conditions (Hull, I969; Bendis & Shapiro, I97o; Kaper & Geelen, I97L) . The stability of the particles of these viruses is predominantly due to protein-RNA interactions. The two components of pea enation mosaic virus differ in their stability. At pH 5 middle component is degraded by salt, bottom component being stable. However, around pH 7"5, even at low ionic strength, both components degrade (R. Hull, unpublished observations). The bonding involved in the capsid stabilization of this virus has not yet been elucidated.
The interactions stabilizing the capsids of small RNA animal viruses have not been studied in such detail. All the viruses are stable in salt concentrations necessary for banding in caesium chloride. However, there are major differences in the pH stability of the particles of members of the various groups. The infectivity of enteroviruses is unaffected by exposure to pH 3 whereas that of cardioviruses is affected between pH 3 and pH 4; cardioviruses also appear to be unstable around pH 6 in the presence of chloride ions. The infectivity of the caliciviruses is reduced between pH 4 and pH 5, that of human and equine rhinoviruses between pH 5 and pH 6, and of foot-and-mouth disease virus between pH 6 and pH 7 (Newman el al. 1973) . At high temperatures at alkaline pH (pH lo) there is selective release of two of the proteins (VP2 and VP4) of polio and bovine enteroviruses (Katagiri, Alkawa & Hinuma, I971; Martin & Johnston, 1972) . The remaining capsid (VP1 and VPa) is fully degraded either at pH 1o in the presence of urea-SDS or at pH ~2.
REPLICATION OF THE VIRUSES
The replication of small RNA viruses can be conveniently divided into four distinct sections: (a) attachment and entry into the cell; (b) RNA replication; (c) translation of the RNA; (d) maturation. These are considered in turn.
(a) Attachment and entry into cell
Vertebrate viruses are generally considered to enter the susceptible cell by the process of pinocytosis. The entire virus particle enters and is then uncoated by a mechanism as yet unknown. With phage, the overall reaction can be divided into three steps (Valentine, Ward & Strand, 1969) : (r) an adsorption step, in which the virus attaches to the F-pilus; (z) attachment of the RNA, which is originally bound in its own protective shell, to the pilus with the linkage to its own coat weakened. The coat falls away, leaving the RNA to complete the infection of the cell and at this stage the RNA is susceptible to RNAse; (3) the RNA is then transported into the cell.
Plant viruses have to pass a cuticle and cellulose cell wall before they can come into contact with the cell. These barriers are overcome either by inoculation by the vector or by abrasion of the leaf. The mode of passage across the cell membrane is unknown but there is a suggestion from infection of naked protoplasts that a pinocytotic process might be involved (Otsuki et at. I972).
(b) Replication of the RNA
There is good evidence that the replication of vertebrate, bacterial and plant virus RNAs proceeds via a replicative intermediate. This consists of a negative strand of RNA (initially coded for by the ingoing positive strand of virus RNA) which acts as a template linked with tails of positive single strands. Several models have been proposed for the replication of the RNA (Fenwick, Erikson & Franklin, I964; Weissmann et al. 1964; Brown & Martin, i965 ) but the precise structure of the replicative intermediate is not known. In fact, Feix, Slor & Weissmann (I967) and Weissmann et al. (1967) have argued that little, if any, true double-stranded RNA is necessary for replication and they attribute the presence of the double-stranded intermediates to the removal of the replicase enzymes which normally keep the replicating strands apart.
From experiments with the RNA phage Q~, August et al. (1968) found that both the complementary and virus RNA strands were synthesized from the 5'-triphosphate to the 3'-hydroxyl terminus. This synthesis is controlled by an RNA-dependent RNA replicase which needs several host factors to be effective. There is no evidence at present on the enzymes and host factors involved in the replication of RNA of those viruses infecting eucaryotic ceils.
(e) Translation of the RNA
During the fast few years evidence has been provided by several groups (Holland & Kiehn, 1968; Jacobson & Baltimore, t968b; Summers & Maizel, 1968 ) that the eapsid protein of po]iovirus is synthesized as a large precursor molecule with a tool. wt. in excess of 2o0 x lo 3 which is then cleaved into the capsid proteins. The large precursor protein represents the total translatable information content of the virus genome. No information is available at present on whether the RNAs of the other vertebrate and of the invertebrate viruses are translated by the same mechanism. However, there is much evidence that phage proteins are not synthesized in the same way. Three proteins are known which are specifically coded for by phage RNA (Nathans et al. 1966; Vifiuela, Algranati & Ochoa, 1967) . These proteins are translated from the virus RNA starting at the 5' end and are formed in the following sequence -coat protein, maturation protein and RNA polymerase (Ohtaka & Spiegelman, t963; Lodish, I968; Spahr & Gestelan& 1968) .
Almost nothing is known yet on the translation of plant virus RNAs. It seems likely that the RNA species of split genome viruses act as individual messengers and that several proteins are produced. Experiments involving the mixing of RNA species from different strains have shown that the coat protein cistrons of bronle mosaic, cowpea chlorotic mottle, raspberry ringspot and alfalfa mosaic viruses are in tile smallest piece of nucleic acid needed for infection (Lane & Kaesberg, i97~; Bancroft & Lane, I973; Harrison, Murant & Mayo, i972b; 197z) . However, the coat protein cistron for pea enation mosaic virus is in the larger piece of nucleic acid (R. Hull & L. C. Lane, unpttblished observations). Furthermore, it has been shown by using in vitro translation systems that the smallest pieces of RNA of brome mosaic and alfalfa mosaic viruses contain coat protein information (D. S. Shih & P. Kaesberg, personal communication; van Ravenswaay Claasen, t967). Since these are not necessary for infection (with a proviso on the alfalfa mosaic virus system -see section 3), they are probably derived from the next larger RNA species. The RNAs of the split genome plant viruses will not replicate unless a full complement is present. This suggests that, unlike tobacco rattle virus (a virus with a rod-shaped particle in which the large RNA can replicate on its own but not produce coat protein), the information for the replicase of the small RNA plant viruses must be spread across several pieces of RNA.
Satellite tobacco necrosis virus is unable to multiply by itself but it can do so in the presence of tobacco necrosis virus ; its coat protein differs from that of tobacco necrosis virus. Therefore the information for the satellite coat protein must be on the satellite virus RNA (confirmed by translatie.n using in vitro systems - Klein et al. 1972 ) and that for the replicase enzyme system must be on the tobacco necrosis virus RNA.
(d) Maturatior, of the virus particles
The mechanism of assembly of mature virus particles from progeny RNA and protein is not known with any certainty. On the basis of experiments with poliovirus, Jacobson & Baltimore (I968a) consider that the empty 74 S particles, which comprise equimolar amounts of VPo, VP~ and VPa, are the precursors of the mature virus particles. The empty particles are converted into particles by cleavage of VPo into VP2 and VP 4 and in some way the RNA is inserted. Insertion of a molecule of mol. wt. 2.6 x io G into a preformed capsid structure would seem to involve considerable difficulties and it is possibly significant that no evidence for such a mechanism has been described for any of the other vertebrate viruses.
A mechanism such as that proposed by Jacobson & Baltimore U968 a) is not regarded as operating in the assembly of the RNA phages (Valentine et at. 1969) . Although empty capsids are found in the products of phage replication they arc not considered to be on the pathway to the mature virus particles. From reconstitution experiments it appears that the maturation protein is involved at an early stage of phage capsid assembly.
Although little, if anything, is known about the maturation of plant virus particles, some deductions can be drawn from experiments on the in vitro reconstitution of virus particles from separated protein and nucleic acid. It has been shown for cowpea chlorotic mottle and alfalfa mosaic viruses that virus-like particles can be formed by using protein and a wide variety of polyanionic nucleating agents (Bancroft, Hiebert &Brackcr, T 969; Lebeurier et al. ~97I ; R. Hull, unpublished observations) . Since purified preparations of such viruses contain only ribose sugars (down to the o'oI ~ detection limit) (R. Hull, unpublished observations), there must be rigorous in vivo selection of nucleating agents (RNA).
CONCLUSIONS
The structural system in the small RNA viruses is the same for all the viruses examined so far, with the possible exceptions of the pea enation mosaic virus middle component, tobacco streak virus and alfalfa mosaic virus. While there is a great variation in the structural arrangements of the different viruses, all appear to possess icosahedral symmetry or a structure based on such a symmetry.
All the viruses contain single-stranded RNA. Most contain only one species of RNA with a tool. wt. of approximately I.I x io 6 for the phages and 2.6 x io" for the vertebrate viruses. Some of the plant viruses also contain a single species of RNA but several have split genomes in which two or three different species of RNA are required for infection. The possession of a split genome may not be confined to the small RNA viruses of plants in view of the recent observations with Nodamura virus referred to above. This virus is particularly interesting in this respect since it infects both vertebrate and invertebrate hosts. Little is known about the RNAs of the other invertebrate viruses.
The number of proteins in the viruses varies from 1 to 4. This great variation compared with, for example, the rhabdoviruses presumably can be tolerated because of the very effective packaging involved in icosahedral symmetry.
One of the most exciting prospects in the small RNA viruses is the understanding of the way in which the replication of the split genome viruses is organized. The determination of this requires a suitable technique which may be provided by the protoplast system (Takebe & Otsuki, 1969) . A study of the replication of Nodamura virus in mice, bees or waxmoths, which it kills, and in mosquitoes, which it does not kill, should also provide an engaging comparison.
The small RNA viruses from different organisms each have characteristic properties. For example, most of the viruses from vertebrates have a single species of RNA of mol. wt. about 2"5 x lo ~ and four capsid proteins whereas most of those from bacteria have an RNA of about T x To n and two capsid proteins. These differences probably reflect the adaptation of the basic design of the virus to the various host systems.
